Abstract. We performed an immunocytochemical analysis to study the transfer of a marker protein (G glycoprotein coded by vesicular stomatitis virus ts 045 strain) from the intermediate compartment to the Golgi stacks in infected Vero cells. The intermediate compartment seemed to consist of about 30--40 separate units of clustered small vesicles and short tubules. The units contained Rab2 protein and were spread throughout the cytoplasm, with a ratio of about 6:4 in the peripheral versus perinuclear site. Time-course experiments revealed a progressive ~ransfer of G glycoprotein from the intermediate compartment to the Golgi stacks, while the tubulo-vesicular units did not appear to change their intracellular distribution. Moreover, the labeling density of peripheral and perinuclear units decreased in parallel during the transfer. These results support the notion that the intermediate compartment is a station in the secretory pathway, and that a vesicular transport connects this station to the Golgi complex.
S
EVERAL independent lines of evidence suggest that the traffic between the ER and the Golgi complex involves other membrane-bound structures that may form distinct compartment(s). These structures have been variously named: pre-Golgi vacuoles (33, 36) , budding compartment (42) , intermediate compartment (37) (38) (39) , intermediate elements (34) , salvage compartment (14, 22, 45) , and cis-Golgi network (9, 13, 26, 32) . However, the morphology of these structures has yet to be defined, and the mechanism of the transport between the ER and Golgi complex is still largely unknown (1, 25, 30, 32) .
To address an aspect of this problem we used the G glycoprotein synthesized by the VSV ts-045 mutant strain, which is one of the best tools available for the study of ER export in animal cells. Indeed, at the non-permissive temperature (39~ G glycoprotein accumulates in the ER as a multimeric aggregate (11) , and there is very little protein export. When the temperature is lowered to 31~ the aggregated protein trimerizes and leaves the ER (8, 16) . At 39~ high amounts of G glycoprotein are synthesized by the infected cell, and good anti-G antibodies are available. Thus, detailed morphological studies on the export of G glycoprotein from the ER have been performed looking at the first minutes after temperature shift-down to 31~ (3, 4) .
We have already applied this approach to study, with light microscopy, infected cells previously kept at 390C and then shifted to 15~ (5) . Conventional and confocal immunofluorescence microscopy showed a dotted labeling spread throughout the cytoplasm, a pattern totally different from the reticular (ER) and the perinuclear (Golgi) staining obtained at 39 and 31~ respectively. Using a similar protocol, Schweitzer et al. showed that at 15~ G glycoprotein accumulates in tubulo-vesicular structures assumed to be the intermediate compartment (38) . Here we describe an immunocytochemical study of the transfer of G glycoprotein from this intermediate compartment to the Golgi stacks.
Materials and Methods

Materials
All culture reagents were supplied by Gibco Laboratories (Grand Island, NY) and all culture plasticware by Falcon (Becton Dickinson, Meylan Cedex, France). Cycloheximide was obtained from BDH Chemicals Ltd. (Poole, U.K.). Rhodamine-conjugated goat anti-mouse IgG were from Jackson Immunoresearch (West Groove, PA). Protein A gold (5 rim) was obtained from Amersham International (Buckinghamshire, U.K.). Moviol was purchased from Thomas Scientific (Philadelphia, PA). Affinity purified polyclonal anti VSV G glycoprotein (27) and anti Rab2 protein (6) antibodies were kindly provided by Drs. K. Simons and M. Zerial (European Molecular Biology Laboratory, Heidelberg, Germany), respectively.
Cell Culture, Virus Infection, and Indirect lmmunofluorescence
Thin sections were collected on nickel grids, immunolabeled with antibodies and then with Protein-A gold (18 nm) prepared by the citrate method (19, 20, 31, 40) . In double labeling experiments the sections were first incubated with anti-Rab2 antibody, followed by 18 nm Protein-A gold, and then with anti G protein antibody followed by 5 nm Protein-A gold particles (2) . All sections were stained with uranyl acetate and lead citrate before examination with EM.
Conventional Electron Microscopy
Cells were post-fixed in 1% osmium tetroxide in veronal acetate buffer, pH 7.4, for 2 h at 4~ stained with uranyl acetate (5 mg/ml), dehydrated in acetone, and finally embedded in Epon 812. Thin sections were examined unstained and post-stained with uranyl acetate and lead hydroxide.
Quantitative Evaluation of lmmunolabeling
Density of labeling, determined as gold particles divided by the area (in/~m) of the relevant organelles, and statistical analysis were performed with the Sigma Scan Measurement System (Yandel Scientific, Corte Madera, CA). Vero cells usually show an elongated, fibroblast-like morphology with the nucleus roughly in the center. To study the intracellular distribution of the tubulo-vesicular structure units we used low magnification images and scored as "perinuclear" those found within 2 #m of the nuclear envelope: all others were defined "peripheral"
Results
Immunofluorescence Analysis of the Transfer of G Glycoprotein from the Intermediate Compartment to the Cell Surface
Parallel cultures of Vero cells grown on glass coverslips were infected and incubated at 39~ to allow synthesis and accumulation in the ER of G glycoprotein. 3.5-h postinfection, cycloheximide was added to inhibit further synthesis and the cultures were brought down to 15~ for 1 h. At this stage, the immunofluorescence showed a dotted staining throughout the cytoplasm, and concentration tended to vary in the perinuclear area (Fig. 1 a) . This pattern reflected the accumulation of G glycoprotein in a location intermediate between the ER and Golgi complex (5), a finding confirmed by the demonstration that p53 and /~-COP proteins colocalize with G protein at 15~ (10, 38) . We next determined the effect of shifting the temperature for different lengths of time to 31~ the permissive temperature for G glycoprotein transport. As shown in Fig. 1 (b-e) the labeling pattern remained practically unchanged after 2.5 min of incubation, whereas after 5 min the signal was still largely dotted but more concentrated in the perinuclear area. After 10 min most of the signal was confined to the perinuclear area, and after 30 min it was detectable also on the cell surface. Immunoelectron microscopy has shown that G glycoprotein reaches the Golgi complex when the cells are shifted for 10 min to the permissive temperature (3, 4) ; thus, the pattern shown in Fig. 1 d is probably due to Golgi staining. Conversely, we could not draw any conclusion from the images obtained 2.5 and 5 min after the temperature shift because it was not known in which structures G glycoprotein was present. To address this question we conducted an immunoelectron microscopical analysis, starting with the characterization of the structures that accumulate G glycoprotein at 15~ 
Immunoelectron Microscopy of Infected Cells Incubated at 15~
Immunoelectron microscopy of cells manipulated as described above showed labeling specifically localized in circular areas characterized by numerous small vesicles (average diameter 80 nm) in close proximity to short tubules (Fig. 2 , a and b). These labeled structures were observed in the perinuclear region of the cells, near the Golgi complex ( Fig.  2 b) , as well as at the cell periphery. In general, they occurred close to the ER cisternae and, in some instances, to vesicular protrusions of the ER (data not shown, but see below, Fig. 3 , a and b), which resembled the transitional elements of the ER described in the exocrine pancreas (15, 21, 35, 41) . The tubulo-vesicular structures were morphologically distinguishable from the ER and Golgi stacks thanks to the circular appearance of the area (average diameter <1 #m), and the close clustering of the vesicles and tubules. The ER cisternae were weakly immunolabeled at 15~ and Golgi cisternae were practically unlabeled (see below, Table  I A). Examination of serial sections suggested that the tubulo-vesicular structures labeled at 15~ were formed by small vesicles and short tubules (data not shown); however, we cannot rule out the possibility that these structures were formed by extremely convoluted and narrow tubules that had a constant diameter of '~80 nm. Next, we performed single and double immunolabeling with an anti-peptide antibody directed against Rab2 protein, a GTP binding protein that has been recently localized in membrane structures intermediate between the ER and Golgi complex and in the cisside of the Golgi stacks (6) . As shown in Fig. 2 , c and d, immunolabeling with the anti Rab2 antibody was weak but specifically associated with the tubulo-vesicular structures described above. Some immunolabeling was also seen over the cis-most Golgi cisternae (not shown), whereas the ER was always unlabeled (Fig. 2 d) . Double immunolabeling with the anti-VSV G and the anti-Rab2 antibodies, and then with protein-A gold particles of different sizes (5 and 18 urn, respectively), showed colocalization of the two proteins over the tubulo-vesicular structures (Fig. 2 e) .
Constant Presence and Intracellular Distribution of the Tubulo-vesicular Structures
To exclude the possibility that the immunoelectron microscopic method used altered the morphology of the tubulovesicular structures, we analyzed parallel samples using conventional EM. Here, again, these structures were present and clearly detectable even without immunolabeling (Fig.  3) . In addition, the conventional thin sections confirmed the apparent: uncoated nature of the vesicles (Fig. 3 a) , and the presence of the tubulo-vesicular structures at the cell periphery (Fig. 3 b) , as well as in the perinuclear area (Fig. 3 c) .
Immunolabeling with anti Rab2 protein antibody of uninfected Veto cells cultured at 37~ confirmed the presence of these tubulo-vesicular clusters (data not shown). Moreover, no labeling was obtained with anti-G glycoprotein antibody on uninfected cells (Fig. 2 b) . We next performed a quantitative analysis by comparing the immunolabeling observations made in the various conditions. We detected an average of one structure per ultrathin cell section, and thus we estimated the total number of these structures in a single cell to be [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . Approximately 40% of the structures were detected in a perinuclear area (see Materials and Methods), where most of the Golgi complex is located, whereas the other 60 % was found in a peripheral area, close to ER membranes, and only rarely close to recognizable Golgi elements. Under our experimental conditions, the morphology of both the vesicles and the tubules, the roughly circular area of the clusters, and the total number and the distribution of the clusters in the cytoplasm, did not differ in infected and uninfected cells immunolabeled with anti Rab2 antibody, or in infected cells kept at 37, 31, or 15~ and immunolabeled with anti-G protein antibody.
lmmunoelectron Microscopical Analysis of the Transfer of G Glycoprotein from the Intermediate Compartment to the Golgi Complex
Having established the morphology and the intracellular distribution of the tubulo-vesicular structures accumulating G glycoprotein at 15~ we repeated, at the ultrastructural level, part of the analysis reported in Fig. 1 . As shown in Fig.  4 , a and b, and in Table I A, after 2.5 rain the amount of G protein in the tubulo-vesicular structures was unchanged, but there was some labeling over the Golgi complex. At 5 rain, the amount of labeling on the Golgi complex doubled and was mostly present on the first cisternae, whereas labeling of the tubulo-vesicular structures decreased. Finally, at 10 min, all Golgi cisternae were heavily labeled, while the tubulo-vesicular structures showed a dramatic decrease of the initial labeling. The timing, and the asymmetrical entry of G glycoprotein into the Golgi stacks fully confirmed previous results (3, 4) . Analysis of low-magnification images at all time points failed to reveal immunolabeled morphologically distinct structures, other than from the tubulo-vesicular structures, the Golgi complex and the ER. Quantitative analysis of the intracellular distribution of the tubulo-vesicular structures during the transfer of G protein into the Golgi complex is reported in Table I B. The ratio of about 6:4 in the peripheral versus perinuclear location of tubulo-vesicular structure units was constant throughout the time course, whereas the labeling density of perinuclear and peripheral units decreased in parallel. Therefore, as yet there is no evidence that the peripheral and perinuclear units play different roles in the transfer of G glycoprotein to the Golgi complex.
Discussion
We performed an immunocytochemical analysis to follow the export of G glycoprotein synthesized by the VSV ts-045 strain from the intermediate compartment to the Golgi complex. With this approach we were able to characterize further the intermediate compartment (9, 13, 14, 22, 26, 32, 33, 34, 36-39, 42, 45) , and to analyze the qualitative and quantitative features of the transfer of G glycoprotein to the Golgi stacks.
We confirm the presence, along the pathway leading from the ER to the Golgi complex, of tubulo-vesicular structures apparently distinct from both organelles (6, 18, 33, 34, 36-38, 42, 43) . Very few marker proteins for these structures have been identified (see below), and all are quantitatively minor proteins. Thus, the structures are studied with immunocytochemical methods at 150C, because, at this temperature, the transfer to the Golgi complex of all newly made, non ER-resident proteins is blocked in these structures (5, 33-36, 38, 41) . We provide evidence that the tubulo-vesicular structures are not a result of, or significantly modified by, the low temperature alone or in combination with viral infection. In addition, we quantified these structures and determined their intracellular distribution. We also demonstrate that Rab2 protein is localized mainly in the structures. The intermediate compartment is formed by about 30-40 apparently independent tubulo-vesicular structure units spread throughout the cytoplasm of Vero ceils. By the rough criterium of being more distant than 2 #m from the nuclear envelope, ,,o 60% of the units may be considered peripheral. Therefore, there appears to be no preferential localization in the perinuclear area, and the more frequent topological association was with the ER. In a few instances, the tubulovesicular units were near a specialized region of the ER that shows several features of the transitional elements of the ER as described in the exocrine pancreas (15, 21, 35, 41) . The ER in tissue cultured cells has yet to be morphologically characterized, thus it remains to be seen whether the tubulovesicular units we described are related to the "transitional elements" of the ER present in Vero cells. Our characterization differs slightly from the observations reported by Schweitzer et al. (38) , who, with the same model, demonstrated that G and p53 proteins co-localize at 15~ They reported a preferential perinuclear location and found that
h in our work and 3 h for Schweitzer et al., may explain these minor differences.
The intracellular transport mechanism underlying exit from the intermediate compartment and entry into the Golgi stacks of membrane and luminal proteins is unknown. Although the static images of electron microscopic immunocytochemistry may be misleading in the context of intracellular movement, they are supported by the time-course experiments shown in Table I . In principle, transfer to the Golgi stacks may occur in one of three ways: (a) Via vesicular transport originating from each of the intermediate compartment units; (b) direct movement of the intermediate compartment units; or (c) lateral diffusion of G glycoprotein through membrane bridges that join the intermediate compartment units in a network, and this network to the Golgi complex. Our findings seem to discount the "network" hypothesis, because with our methodology, we did not detect any membrane continuity between the organelles involved (12, 18) . Similarly, we found no evidence that the tubulovesicular structures may be formed by single, narrow, and very convoluted membrane tubules. Conversely, our data favor the first hypothesis. We observed a progressive transfer of G glycoprotein from the intermediate compartment to the Golgi stacks, with no detectable changes in the intracellular distribution of the tubulo-vesicular structure units that form the compartment; at the same time the density of labeling of peripheral and perinuclear units decreased in parallel, and no other structures were labeled by G protein during the transfer to the Golgi stacks. Based on our results, it is difficult to envisage the en block transfer of a cohort of vesicles and short tubules to the Golgi complex. The majority of Golgi stacks were concentrated perinuclearly in Vero ceils, whereas the single tubulo-vesicular units that form the intermediate compartment were spread throughout the cytosol, similarly to ER cisternae, with a slight preference for more peripheral locations. During an en block transfer, one would expect to see a higher density of labeling in the perinuclear located units, which was not the case. To reconcile our quantitative data with the en bloc transfer hypothesis one must invoke an extremely fast generation and diffusion throughout the cell of new tubulo-vesicular units, a possible but unlikely event.
What appears to be a contradiction between the images obtained by light and electron microscopic immunocytochemistry (compare Fig. 1 c with Table I ) can be explained as follows: the concentration of the signal in the most perinuclear area shown in Fig. 1 c is probably due to G glycoproteins that have already reached the Golgi complex, and to the simultaneous decrease of G glycoproteins in all the tubulovesicular units. In conclusion, we favor the view that the tubulo-vesicular units represent a station in the secretory pathway between the ER and Golgi complex, and that a vesicular transport system connects this station with the Golgi stacks. This leads to the question: how does the intermediate station interact with both the ER and the Golgi complex?
There are only three proteins that mark the intermediate compartment: p58, p53, and Rab2 proteins (6, 36, 37 ; this study). The function of the first two proteins is unknown, whereas it has been suggested that Rab2 protein is part of the transport machinery connecting the ER with the Golgi complex (6, 29) . All three proteins are localized both in the intermediate compartment and in the cis-most cisternae of the Golgi stacks (6, 34, 36, 37) . This dual localization may indicate that the intermediate compartment and the cis-most part of the Golgi form a single functional unit or, alternatively, that these proteins perform their function in more than one compartment. Indeed, p53 may be transiently moved into the ER (18) , and/~-COP protein, which is normally associated with non-clathrin coated vesicles and the Golgi complex, may be moved into the intermediate compartment when the temperature is lowered to 15~ (10). These observations strongly suggest that the intermediate compartment is functionally connected to the ER and to the Golgi complex in both directions of intracellular transport.
It has been proposed that the intermediate compartment is the site where the salvage function takes place (the retrieval of escaped ER resident proteins back to the ER) (14, 22, 25, 26, 43, 45) . However, subsequent data showed that this function may involve also the Golgi complex (7, 17, 24) . None of the several maturation events thought to occur late in the ER or early in the Golgi complex may be attributed to the intermediate compartment. It seems that palmitylation, mannose trimming (a result of mannosidase I activity), and initiation of O-glycosylation (addition of N-acetyl-galactosamine to serine/threonine residues), all take place after exit from the intermediate compartment (5, 23, 28 ; M. C. Pascale et al., 1992). Neither are the enzymes responsible for the phosphorylation of lysosomal proteins present in membrane fractions enriched in the intermediate compartment (39) , whereas it remains to be investigated whether or not the intermediate compartment has any relation with the calciosomes, the organelles thought to be involved in the intracellular storage of calcium (44) . 
